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I. INTRODUCTION
This document presents supplementary results for the main Letter on charge redistribution and phonon entropy
of vanadium alloys. This supplement gives detailed numerical values for the measured and calculated properties of
a series of V-6.25%X bcc solid solutions, with X a transition metal solute. The discussion and interpretation of the
trends are given in the main text of the Letter.
II. DATA
Table I presents our experimental results for the vibrational entropy of alloying ∆Salvib, and experimental and
calculated values of properties expected to correlate to the vibrational entropy. The values listed for the change in
lattice parameter ∆a/a were obtained from density and X-ray diffraction measurements, and density functional theory
(DFT) calculations with the computer codes Wien2k and VASP (as described in the main section of this Letter). Also
listed in Table I are the average number of valence electrons per atom for the alloys, e/at., the Pauling electronegativity
of the solutes, χPauling, and the ratio of neutron cross-section over atomic mass for the solutes, σ
scat
i
/Mi. The average
phonon energy, 〈~ω〉 =
∫ Emax
0
g(ω)ω dω, was calculated from the experimental phonon densities of states (DOS) for
the alloys, g(ω), which were normalized to 1. The values used for the cutoff energy Emax were determined from the
measured DOS and are also listed in this table.
Table II presents the results of the geometry optimization for the supercells V15X1 and V53X1 calculated with
both VASP and Wien2k, corresponding to minimized forces on the ions. The table lists the equivalent BCC lattice
parameter a for the relaxed structure, and the distance between the central impurity X and its first, second and third
nearest-neighbor (NN) shells, L1, L2, and L3. In the case of the 2× 2× 2 supercells V15X1, the positions of the 2NN
and further atoms are constrained by symmetry and are thus given by those for the pure host, scaled by the overall
change in lattice parameter.
Table III shows the results of the Bader charge analysis on the relaxed 2× 2× 2 supercells, calculated with Wien2k
and VASP. The charge transfer corresponds to the atomic charge in the solid obtained with the Bader procedure,
minus the number of electrons of the isolated atom.
Table IV presents the results of our calculations with VASP on the relaxed 2 × 2 × 2 supercells for the breathing
mode of 1NN V atoms around the solutes. K is the stiffness for the breathing mode in the presence of an impurity
and KV is the stiffness for the breathing mode in the pure host. Assuming that only 1NN vanadium atoms around
the impurity are affected, and that most of the effect occurs in the longitudinal bond stiffness, the vibrational entropy
change associated to the introduction of the impurity is −(4/5)kB ln(K/KV). The change in stiffness, ∆K/K, and
the associated change in characteristic vibrational frequency, ∆ω/ω, are also listed.
2TABLE I: Samples and relevant physical properties. All alloys have the composition V93.75X6.25.
solute ∆a/a (%) ∆a/a (%) ∆a/a (%) ∆a/a (%) e/at. χ σscati /Mi
a 〈~ω〉 Emax ∆S
al
vib
density XRD Wien2k VASP Pauling (barn) (meV ) (meV ) (kB/at)
pure V 0 0 0 0 5.0000 1.63 0.100 22.9 ± 0.2 35 0
Ti 0.43 ± 0.1 0.31 0.56 0.63 4.9375 1.54 0.091 22.3 35 0.08± 0.01
Cr −0.40 ± 0.1 −0.35 −0.35 −0.23 5.0625 1.66 0.067 23.1 35 −0.04± 0.01
Fe −0.79 ± 0.1 −0.54 −0.77 −0.59 5.1875 1.83 0.208 23.6 36 −0.09± 0.01
Co −0.82 ± 0.1 −0.75 −0.77 −0.60 5.2500 1.88 0.096 23.9 36 −0.12± 0.01
Ni −0.63 ± 0.1 −0.52 −0.56 −0.47 5.3125 1.91 0.316 23.7 36 −0.08± 0.01
Zr – – 1.33 1.45 4.9375 1.33 0.071 22.0 35 0.12± 0.02
Nb 0.63 ± 0.1 – 0.78 0.54 5.0000 1.60 0.067 22.4 35 0.05± 0.01
Pd −0.07 ± 0.1 −0.13 0.06 0.22 5.3125 2.20 0.042 24.5 38 −0.15± 0.01
Hf – – 1.31 1.08 4.9375 1.30 0.057 21.9 35 0.14± 0.02
Ta 0.49 ± 0.3 – 0.88 0.70 5.0000 1.50 0.033 22.6 35 0.01± 0.02
Pt 0.07 ± 0.1 −0.20 0.07 0.21 5.3125 2.28 0.060 25.1 40 −0.21± 0.01
aneutron-cross sections from Neutron News 3, 26 (1992)
TABLE II: Optimized geometry of supercells calculated with Wien2k and VASP.
VASP 2× 2× 2 (V15X1) Wien2k 2× 2× 2 (V15X1) Wien2k 3× 3× 3 (V53X1)
a(A˚) L1(A˚) a(A˚) L1(A˚) a(A˚) L1(A˚) L2(A˚) L3(A˚)
V-Ti 3.015 2.653 3.013 2.653 3.004 2.676 3.003 4.247
V 2.996 2.594 2.996 2.595 2.996 2.595 2.996 4.237
V-Cr 2.989 2.561 2.986 2.557 2.994 2.544 3.009 4.225
V-Mn - - 2.980 2.543 2.993 2.538 3.010 4.223
V-Fe 2.978 2.547 2.973 2.546 2.992 2.547 3.002 4.219
V-Co 2.978 2.565 2.973 2.562 2.991 2.568 2.988 4.220
V-Ni 2.982 2.592 2.980 2.588 2.993 2.601 2.969 4.229
V-Zr 3.039 2.723 3.036 2.722 - - - -
V-Nb 3.012 2.651 3.020 2.659 - - - -
V-Pd 3.002 2.650 2.998 2.641 2.998 2.664 3.008 4.230
V-Hf 3.028 2.705 3.036 2.714 - - - -
V-Ta 3.017 2.662 3.023 2.666 - - - -
V-Pt 3.002 2.643 2.998 2.634 2.998 2.654 3.007 4.239
TABLE III: Charge transfer (in electron units, weighted by the multiplicity of each atom’s shell) calculated using the Bader
analysis on the self-consistent charge density obtained with Wien2k and VASP (V15X1). The Bader analysis of the density
calculated with VASP was done with the software of Henkelman et al. (Comput. Mater. Sci. 36, 254 (2006)).
Wien2k VASP
Nd Pauling Watson X V1nn V2nn V3nn V5nn X V1nn V2nn V3nn V5nn
Ti 2 1.54 1.38 -0.565 0.442 0.140 0.002 -0.001 -0.725 0.691 0.124 -0.088 -0.048
V 3 1.63 1.62 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cr 4 1.66 1.69 0.477 -0.375 -0.098 -0.008 0.006 0.398 -0.438 -0.009 0.026 0.012
Mn 5 1.55 1.74 0.929 -0.763 -0.123 -0.051 0.019 - - - - -
Fe 6 1.83 1.93 1.130 -0.934 -0.141 -0.074 0.029 1.037 -0.848 -0.193 -0.025 0.010
Co 7 1.88 1.95 1.190 -1.013 -0.133 -0.092 0.037 1.067 -0.935 -0.054 -0.146 0.064
Ni 8 1.91 2.09 1.125 -0.979 -0.114 -0.097 0.048 1.033 -0.682 -0.212 -0.140 0.015
Zr 2 1.33 1.37 -0.421 0.360 0.103 -0.051 -0.002 -0.397 0.352 0.107 0.015 -0.077
Nb 3 1.60 1.69 0.198 -0.088 -0.070 -0.022 -0.007 0.394 -0.299 -0.103 0.012 -0.003
Pd 8 2.20 2.22 1.440 -1.152 -0.248 -0.080 0.059 1.357 -0.986 -0.304 -0.076 0.005
Hf 2 1.30 1.40 -0.375 0.333 0.071 -0.029 -0.000 - - - - -
Ta 3 1.50 1.74 0.327 -0.157 -0.147 -0.004 -0.002 0.345 -0.064 -0.262 -0.012 -0.007
Pt 8 2.28 2.28 1.864 -1.446 -0.388 -0.087 0.063 1.920 -1.487 -0.524 -0.071 -0.002
3TABLE IV: Breathing mode for 1NN V atoms along 〈111〉 directions around the central solute, calculated with VASP on the
2× 2× 2 supercells.
Nd K ∆K/K ∆ω/ω −4/5 lnK/KV
(eV/A˚2) (%) (%) (kB/at)
Ti 2 135 −1.3 −0.7 0.011
V 3 137 0.0 0.0 0.000
Cr 4 141 2.9 1.5 −0.023
Fe 6 161 17.6 8.4 −0.130
Co 7 164 19.6 9.4 −0.143
Ni 8 166 20.7 9.9 −0.151
Zr 2 143 4.1 2.0 −0.032
Nb 3 145 5.9 2.9 −0.046
Pd 8 179 30.5 14.2 −0.213
Hf 2 145 5.9 2.9 −0.046
Ta 3 152 10.4 5.1 −0.079
Pt 8 190 38.2 17.5 −0.259
